INTRODUCTION
Electromyography (EMG) is a field specializing in the use of electronic devices to measure the bioelectrical activity of muscles and analyze the data. In Ergonomics, the noninvasive assessment of neuromuscular activity e.g. surface electromyography (sEMG) is used. Marras (1990) lists four primary applications of sEMG in Ergonomics: (i) detection of muscle activity and inactivity (i.e. on-off duration); (ii) comparison of relative muscle activity levels under various tasks as indication of muscle effort; (iii) quantitative assessment of muscular force, however, this is only possible in very strict cases (e.g. isometric or isokinetic contractions); and (iv) fatigue assessment by analysis of spectral components of raw sEMG signal. In addition, some authors have proposed assessment of muscular strength by sEMG spectrum (Jung, 1987) and simultaneous analysis of sEMG spectrum and amplitude for muscle strain and fatigue assessment (Luttmann, Jäger & Laurig, 2000) .
Although sEMG is considered one of the essential tools in Ergonomics, only one third of certified professional ergonomists reported ever using electromyography (Dempsey, McGorry & Maynard, 2004) . Surprisingly only 8.7% of ergonomists who had never used sEMG reported it to be too expensive. However, 23.7% noted that electromyography is not available for them.
More than 40 years ago, Cavanagh (1974) emphasized that surface electromyograms are simple enough to be obtained by anyone with the right equipment and a few minutes of instruction, but analysis of acquired data without the basic understanding of fundamental electrophysiology, muscle function and mechanics is prone to misinterpretation. The increased availability and the reduced cost of various electronic devices during the last decade might have intensified the problem.
Therefore, the goal of this overview is to discuss contemporary low-cost instrumentation for recording electromyograms and the ways to utilize such devices in Human Factors and Ergonomics.
INTRINSIC PROPERTIES OF LOW-COST SEMG ACQUISITION SYSTEMS

Hardware considerations
In order to successfully capture the sEMG signal, the following procedures are needed (Figure 1) : sensing of the phenomenon of bioelectric activity, conditioning of the signal (amplifying, filtering, analog to digital conversion) and finally, displaying or storing the acquired data. The obvious choice for data display or storage is the personal computer, as it is usually referred to as 'universal lab equipment'. The remaining tasks can be divided between a single-board microcontroller and a shield. The latter is defined as an electronic board, which can be connected to a microcontroller in order to add functionality. The most popular single-board microcontroller, Arduino is already proposed as a low-cost tool for psychological and neurophysiological labs (D'Ausilio, 2012) and it has been proven to be capable of capturing and reproducing the EMG signal (de Moura, Ozelim, & Soares, 2014) . The main advantages of Arduino boards are the low cost (starting ~$25), small dimensions and easy to learn programming language. In addition, beside Arduino, there are several companies on the market, which
are manufacturing generic or their own Arduinocompatible microcontrollers. However, some of the critics claim that at least some of the low-cost microcontrollers do not conform to the specific needs of bio-signal acquisition (Guerreiro, Lourenço, Silva & Fred, 2014) . In general, the contemporary microcontrollers have at least six analog channels with a measurement rage of 0 to 3.3 V or 0 to 5 V. Meanwhile, the EMG signal is bipolar by its nature. Thus, the EMG sensors or shields need to imply DC offset and set the baseline to half of the microcontrollers' measurement range. Most of the microcontrollers have 10 bit analog to digital converters (ADC-s), which means that continuous signal is transformed to 2 10 discrete values and sampling resolution is either 3.2 mV (3.3 V microcontrollers) or 4.9 mV (5 V microcontrollers). Some of the 3.3 V microcontrollers (e.g. Arduino Due) have a 12 bit ADC and therefore have 0.8 mV sampling resolution. Meanwhile, peak-topeak amplitude of the sEMG signal is known to reach 5 mV (Kamen & Gabriel, 2010) , thus adequate amplification is needed in order to avoid either missing or clipping of the signal. The shield gain factor should not exceed 660 in the case of 3.3 V microcontrollers and 1000 in the case of 5 V microcontrollers.
In order to ensure electrical safety, the microcontroller needs to be insulated from the power line; this can be achieved with wireless data transfer or an USB isolator.
An in-depth internet search was conducted in order to find microcontroller-compatible sEMG sensors/shields. The results needed to satisfy the following criteria: 1) cost below $150; 2) the product is sold either by manufacturers' or distributors' web-store and 3) absence of negative feedback in the web store comments section. Solutions which included a significant amount of do-it-yourself approach were excluded. Four products satisfied the criteria: (i) MyoWare (Advancer Technologies, Raleigh, USA); (ii) 'Olimex Shield EKG/EMG' (OLIMEX Ltd, Plovdiv, Bulgaria); (iii) BITalino (PLUX wireless biosignals S.A., Portugal) and (iv) FlexVolt (Flexvolt Biosensor, Lebanon, USA). The main properties of the shields are summarized in table 1. It is commonly accepted that the prominent part of the sEMG spectrum range lies between 5-500 Hz, however, frequency range 10 to 350 Hz is preferred by ISEK standards for reporting EMG data (Merletti & Torino, 1999) . The sEMG shield does not necessary need to contain hardware filters, as the researcher may add digital filters in data processing software (e.g in Matlab or LabView). Moreover, inappropriate hardware filters are impossible to remove during data processing. Filtering is still a necessity as the lower range of the sEMG spectrum is known to contain motion or electrocardiography (ECG) artifacts. Motion artifacts are reported to lie below 10 Hz (Ankrum, 2000; Solomonow, 2000) or 20 Hz (Clancy, Morin, & Merletti, 2002; De Luca, Gilmore, Kuznetsov & Roy, 2010) , the ECG artifact is reported to lie below 35 Hz (Christov & Daskalov, 1999) . Thus, the primary application of Olimex Shield EKG/EMG is electrocardiography measurement, as it excludes most of the sEMG spectrum and is prone to pick up movement artifacts.
It has been suggested to locate the amplifiers close to the pick-up area (Marras, 1990) ; this concept is adopted in the MyoWare sensor (Figure 2) . The sEMG electrodes are attached to the board with a constant interelectrode distance of 3.0 cm. The user can change the output of the MyoWare sensor by a hardware switch -either set it to capture raw sEMG signal or to smoothed-rectified signal, e.g the absolute value of the signal. The latter can be directly used in control or feedback applications, meanwhile raw sEMG data requires processing (e.g FTT or RMS).
The gain factors of the BITalino sensor and the FlexVolt seem to exceed the optimal values. However, preliminary tests allow to conclude that the gain factor is not problematic, at least when acquiring sEMG data from forearm flexors and extensors.
Software considerations
The main disadvantage of low-cost sEMG tends to be a lack of appropriate data processing software. There
also seems to be a tradeoff between the cost and time expenditure. Some researchers have reported using Microsoft Excel (Burden & Bartlett, 1999; Reinvee, Vaas, Ereline & Pääsuke, 2015) . Microsoft Excel is a universal data processing tool, which can be used when processing adequately hardware-filtered sEMG amplitude, but it is not convenient to process large amounts of data. The Iowa EMG Analysis Program (IEAP) (Fethke, Anton, Fuller & Cook, 2004) seems to be a more user friendly alternative; however, more than decade after the publication, we were unable to find any trace of the IEAP. Meanwhile, one can find LabView or Matlab toolboxes form the internet for every aspect of EMG data processing. These options can be tailored to the users' needs; however, the user should be familiar with the software, also, one might find the cost of software license unreasonable high for infrequent use. The paid 'Electromyography analysis' add-on for 'OpenSignals (r)evolution' freeware (PLUX wireless biosignals S.A.) seems to include most of the necessary features.
LOW-COST SEMG APPLICATIONS IN HFE
Several authors stress the importance of researchers' and practitioners' knowledge and familiarity with the sEMG capture and data interpretation process (De Luca, 1997; Ankrum, 2000; Clarys, 2000; Marras, 2000; Solomonow, 2000) . Meanwhile, in a survey of industrial ergonomics tool use, only 1.6% of certified professional ergonomists reported not being familiar with electromyography (Dempsey, McGorry, & Maynard 2004) .
Electromyography is known to be an expensive tool, therefore it is expected that reducing the price of instrumentation would have an impact on the utilization of sEMG in HFE education. Having more than one instrument in the classroom allows to increase the student engagement and implement the concept of learning by doing. Although the question of the exact placement of sEMG electrodes is at least to some extent debatable (Hermens, Freriks, Disselhorst-Klug & Rau 2000; Hoozemans, Loos, Wilms, & Dieën, 2006; Mesin, Merletti, & Rainoldi, 2009; Takala, & Toivonen 2013) , it is strongly recommended that an experienced instructor have sufficient time to assist all the students.
One of the main advantages of the low-cost sEMG acquisition systems is the microcontroller's compatibility with many other sensors (electronic dynamometers, load cells or accelerometers). Thus, the relation between the surface electromyogram and muscular force during isometric contractions (Milner-Brown & Stein, 1975) and its linear or non-linear properties (Solomonow, Baratta, Zhou, Shoji, & D'Ambrosia, 1987) can easily be studied in laboratory exercises. Example results of such laboratory exercises are shown in Figures 3 and 4 . The data acquisition followed the procedure of the Caldwell regimen (Caldwell et al., 1974) . The MyoWare sensor was attached to m. flexor digitorum superficialis and the sensor was connected to an Arduino Leonardo microcontroller. An electronic dynamometer (Vernier Software & Technology, Beaverton, USA) was also connected to the microcontroller, which allowed simultaneous data capture. Based on simplicity, either the MyoWare sEMG sensor (pros: budget friendly, customizable; cons: requires some soldering) or the BITalino system (pros: software, customer service, plug and play hardware; cons: price) can be recommended for educational purposes.
SEMG has also been proposed as an onsite training tool for musculoskeletal disorders. Peper et al., (2003) carried out intervention programs in office settings and noted that workers have low awareness of their muscle strain and suggest that a training specific to particular
tasks and equipment needs to be conducted at the job site. The sEMG biofeedback devices have also been reported to increase audience engagement while explaining ergonomics principles: "The students especially seemed to enjoy being hooked up to the Pocket Ergometer, which converts the electrical activity associated with muscle use into sound. Students were able to hear the difference between neutral and awkward postures and between wearing a backpack with one strap or with two" ("Puget Sound Chapter Outreach Activities", 2005). The 'Pocket Ergometer' (Biomechanics Corp. of America, USA) is a sEMG feedback device, which measures bioelectric activity and gives visual or auditory feedback. We propose that a similar device can be assembled from a MyoWare sensor, an Arduino compatible microcontroller, colored LEDs, a piezo buzzer and an LCD display with less than $100. The proposed device needs to perform the tasks, which are shown in Figure 5 . 
Provide sEMG feedback
CONCLUDING REMARKS
It should be noted that hardware properties or availability by itself do not have an impact on the use or abuse of sEMG. The practitioners are usually bound by the code of ethics of their professional society to limit their practice to the areas they maintain sufficient competence in. Therefore, one should have basic understanding of instrumentation, anatomy and physiology in order to successfully use contemporary low-cost sEMG acquisition systems. In the case of education, it is a matter of debate whether an understanding of instrumentation, anatomy and physiology is a prerequisite to the use sEMG or might low-cost sEMG devices be utilized to learn the necessary concepts. 
